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CrackAbstract Transverse openings are often provided through reinforced concrete beams to accommo-
date utility ducts and pipes. Finite element analysis has been used in order to study this problem.
Fifty-seven beams analyzed using finite element program ANSYS V12. The analysis results
compared with fifteen experimental beams had been done by Ibrahim. Study beams have opening
width and height of dimensions 200  100 mm and 300  100 mm. The centerline of the opening is
at distance of 225, 300, 350 and 400 mm from the near support. Strengthening of all beams with
opening came out to six types of different scheme around the opening using fiber-reinforced poly-
mer (FRP). Scheme (1) is vertical and horizontal carbon fiber sheets around the opening, scheme (2)
is inclined at 45 carbon fiber sheets around the opening in addition to horizontal one, schemes (3)
and (4) are same of schemes (1) and (2) respectively but with glass fiber sheets, while schemes (5) and
(6) are same as schemes (3) and (4) respectively but with an additional strengthening at flexural area
at the middle of the beam with U shape. The reinforced concrete beams were modeled in ‘ANSYS
V12’ Program under statical load. The failure loads, crack pattern, strain progress, mode of failure
and energy absorption were analyzed here in this study.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Web openings in beams have important applications in
practice as they provide convenient passages of electrical andmechanical conduits. Fiber-reinforced polymer (FRP) is cur-
rently emerging as a popular option to repair and strengthen
reinforced concrete structures. This strengthening technique
was usually used for concrete flexural members, and it is gen-
erally desirable that bending rather than shear governs the ulti-
mate strength. However shear deficiencies do often exist and in
such cases there is a need for strengthening and retrofitting for
increased shear capacities. In these situations, the external
bonding of FRP stirrups is considered a promising method
to increase the shear capacity.
The presence of a rectangular opening leads to a decrease in
both cracking and ultimate strengths as well as stiffness of RC
beams. The amount of reduction is significantly affected by
opening proximity to support, opening height, and openings Eng J
2 N.Z. Hassan et al.length, but is slightly affected by tension and compression rein-
forcement ratios [1]. In fact, the importance of this parameters
has emerged from the relation established the required
strengthening scheme of FRP laminates and the type of
strengthening CFRP or GFRP [2]. The opening in the shear
zone of the reinforced concrete beams significantly reduces
the loading capacity of the beam [3]. The presence of openings
near the compression zone can significantly influence the ulti-
mate capacity and deflections of the beams as the size of the
opening becomes larger, the ultimate capacity of the beam is
significantly reduced, and the modes of failure of the tested
beams with openings were predominantly shear related cracks
initiated around the opening and propagated through the com-
pression zone. The repaired beams exhibited a much softer
response and attained a lower ultimate load compared to the
original beams.
Wrapping the compression zone of the beam provided good
confinement for the compression block [4]. Extending the ver-
tical layers over the entire span of the beam reduces the diag-
onal cracks so that the longitudinal fibers are fully used and
the load carrying capacity of the beams is significantly
increased. The use of CFRP plates on the bottom and sides
of the beam improves the response in comparison with using
CFRP plates only at the bottom of the beam [5]. The optimum
amount of FRP laminates, which provides maximum strength-
ening effect, must be established for each FRP system, depend-
ing on its thickness and mechanical properties [6]. On this
study various strengthening schemes are used around the
opening. This investigation includes both experimental pro-
gram and a corresponding numerical analysis.
2. Program of study
2.1. Specimen design and materials
The numerical analysis was carried out on fifty-seven
reinforced concrete beams of 1800 mm span, nine of these
beams are control beams, one of them is without any opening,
four beams are with opening dimensions a  h equal
200  100 mm created at distances 225, 300, 350 and 400 mm
from centerline of the opening to the edge support and the last
four control beams are with opening 300  100 mm created atTable 1 Sample codes of all specimens.
Control beams Without opening B1
With opening Opening dimens
a  h= 200  1
S (mm) 225 300
Without strengthening B2 B3
One layer carbon FRP Scheme (1) BC1 BC2
Scheme (2) BC5 BC6
One layer glass FRP Scheme (3) BG1 BG2
Scheme (4) BG9 BG10
Two layers glass FRP Scheme (5) BG17 BG18
Scheme (6) BG25 BG26
Bold samples carried out experimentally.
a: length of the opening, h: height of the opening, BG: beam strengtheni
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concrete beams strengthened around the opening using carbon
and glass FRP, these beams are divided into six groups
according to the type of strengthening scheme, and each group
contains eight beams similar to those beams which are in con-
trol beams. The ultimate compressive strength of concrete was
25 N/mm2. The samples codes are illustrated in Table 1, while
the applied load and beam dimensions and reinforcement indi-
cated in Fig. 1.
The experimental beams done by Ibrahim [2] took into con-
sideration the effect of uniform distributed load; thus, in the
numerical analysis program, the applied load was represented
by eight equidistant concentrated loads exactly as in the
experiments.
2.2. Strengthening scheme
Strengthening scheme (1) is one layer horizontal and vertical
carbon fiber sheets around the opening, strengthening scheme
(2) is inclined at 45 carbon fiber sheets around the opening in
addition to horizontal one, and strengthening schemes (3) and
(4) are same of schemes (1) and (2) respectively but with glass
fiber sheets, while schemes (5) and (6) are same as schemes (3)
and (4) respectively but with an additional strengthening at
flexural area at the middle of the beam with U shape. Carbon
laminate thickness is 0.12 mm while glass laminate thickness is
0.23 mm. Before bonding the composite material to the con-
crete surface, special care was given to the surface preparation,
sandblasting was used to roughen the concrete surface until the
aggregate was exposed, and this was followed by compressed
air cleaning to remove dust and loose particles. Once the sur-
face was prepared to the required standard, the epoxy resin
was mixed in accordance with the manufacturer’s instructions.
The epoxy resin was set to the concrete surface. Then the FRP
laminate was placed against epoxy. The details of scheme types
are illustrated in Fig. 2.
3. Numerical analysis
A three dimensional finite-element program ‘ANSYS’ was
used for the numerical analysis of the fifty-seven beams. In
the analysis, appropriate material models were employed toions
00 mm a  h= 300  100 mm
350 400 225 300 350 400
B4 B5 B6 B7 B8 B9
BC3 BC4 BC9 BC10 BC11 BC12
BC7 BC8 BC13 BC14 BC15 BC16
BG3 BG4 BG5 BG6 BG7 BG8
BG11 BG12 BG13 BG14 BG15 BG16
BG19 BG20 BG21 BG22 BG23 BG24
BG27 BG28 BG29 BG30 BG31 BG32
ng with glass FRP, BC: beam strengthening with carbon FRP.
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Figure 1 Loads and steel reinforcement.
Scheme No. (3) Scheme No. (4)
Scheme No. (5) Scheme No. (6)
Scheme No. (1) Scheme No. (2)
Carbon F.R.P.Carbon F.R.P.
Glass F.R.P.Glass F.R.P.
Glass F.R.P.Glass F.R.P.
Figure 2 Strengthening schemes CFRP and GFRP.
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(2015), http://dx.doi.org/10.1016/j.asej.2015.10.011represent the behavior of concrete, the steel reinforcement, the
steel plates, and epoxy resin CFRP and GFRP laminates. They
are described in detail in the ANSYS manual set in addition to
model the bond behavior interface element.
A solid element, SOLID65, is used to model the concrete in
ANSYS. The solid element has eight nodes with three
transitional degrees of freedom at each node. In addition,
the element is capable of simulating plastic deformation,
cracking in three orthogonal directions, and crushing. The
steel plates at the supports for the beams are modeled using
SOLID45 elements. This element has eight nodes with three
degrees of freedom at each node – translations in the x, y,
and z directions. In order to obtain the internal strains in the
reinforcement bars and keep them in their right positions,
the discrete technique using the 3D spar Link8 element is fol-
lowed. This element has two nodes with three degrees of free-
dom translations in the x, y, and z directions. This element is
also capable of plastic deformation.MAY  3 2012
11:51:52
ading Steel Plate
Mesh.
orced concrete beams with opening strengthened using FRP, Ain Shams Eng J
Load carrying capacity (200x100 mm)
0
10
20
30
40
50
60
70
80
90
100
225 300 350 400
Lo
ad
 (K
N
)
control type 1 Type 2 type 3 Type4 type 5 type 6
Figure 4 Load carrying capacity of beams with opening dimen-
sion 200  100 mm.
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Figure 5 Load carrying capacity of beams with opening
dimension 300  100 mm.
4 N.Z. Hassan et al.A layered solid element, SOLID46, was used to model the
FRP laminates. SOLID46 is a layered version of the 8-node
structural solid SOLID45 designed to model layered thick
shells or solids. The element allows up to 250 different material1
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translations in the nodal x, y, and z directions. Only quarter of
the beam has been modeled to take the advantage of symmetry
in ‘ANSYS’. The mesh was taken square to obtain good results
with the test one; it was taken 10  10  10 mm as shown in
Fig. 3. The command merge items merge separate entities that
have the same location. These items will then be merged into
single entities. Caution must be taken when merging entities
in a model that has already been meshed because the order
in which merging occurs is significant. Displacement boundary
conditions are needed to constrain the model to get a unique
solution. The model being used is symmetric about two planes.
Nodes defining a vertical plane through the beam cross-section
center define a plane of symmetry. To model the symmetry,
nodes on this plane must be constrained in the perpendicular
direction. These nodes, therefore, have a degree of freedom
constraint UX = 0. Second, all nodes selected at Z= 0 define
another plane of symmetry. These nodes were given the con-
straint UZ = 0. The support was modeled in such a way that
a roller was created. A single line of nodes on the plate were
given constraint in the UY, and UZ directions, applied as con-
stant values of 0. By doing this, the beam will be allowed to
rotate at the support.
In this study the total load applied was divided into a series
of load increments (or) load steps. Newton–Raphson equilib-
rium iterations provide convergence at the end of each load
increment within tolerance limits. The automatic time stepping
in the ANSYS program predicts and controls load step sizes
for which the maximum and minimum load step sizes are
required.4. Theoretical results
Figs. 4 and 5 show load carrying capacity for beams with
opening dimension 200  100 mm and 300  100 mm respec-
tively. It is clear from the figure that the strengthening scheme
improves the load carrying capacity of the control beams
which agree with Grace et al. [5]. The results of analysis
indicated that the strengthening scheme decreases deflection                                    
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Finite element analysis of reinforced concrete beams 5of the beam at any load level in comparison with the control
beam and this also agrees with Grace et al. [5]. Test results of
specimens failure load, mode of failure and deflection at mid
span with corresponding compressive strength Fcu, for each
beam were taken in the experimental study done by Ibrahim [2].
Fig. 6 shows the mode of failure of beam BC14, and the
stresses of the CFRP exceed the allowable stresses, while
Fig. 7 indicates the mode of failure of beam BG15 in which
it is clear that the shear failure occurred in the concrete around
the opening. Also Fig. 8 indicates the mode of failure of beam
BG5 and the failure occurred due to tensile stresses which
de-bonded fiber laminates from the concrete beam.1
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Referring to Table 2 verify the experimental beams by Ibrahim
[2] with the analyzed beams; it can be noticed that the mea-
sured deflection of all beams with strengthened opening at
same load level is smaller than that of the control beams B2
through B9 (with openings) and larger than those of the con-
trol beam B1 (without opening). This means that the strength-
ening process helped the beams to regain part (not all) of its
stiffness which was lost by the creation of the openings. The
amount of stiffness-regain depends on the type of strengthen-
ing material as well as its scheme. On the other hand, strength-MN
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Table 2 Verification of finite element model with experimental beams done by Kachlakev [6].
Group no. Beam no. Failure load (KN) and mode of failure Mid-span deflection (mm)
Experimentally Theoretically Experimentally Theoretically
Control B1 94 Shear failure in concrete 78.2 Shear failure in concrete 22.05 7.7
B2 51.0 35.7 9.28 5.37
A (S= 225 mm) BC1 65 Rupture of FRP sheets 60.5 Rupture of FRP sheets 12.42 5.506
BC5 53.5 Laminate de-bonding 55.6 8.17 17.76
BG1 80.0 51.5 Laminate de-bonding 12.15 12.03
BG9 61.0 Rupture of FRP sheets 49 9.05 24.4
BG17 82.5 Laminate de-bonding 53.5 11.90 8.4
BG25 58.5 54 10.29 10.26
D (S= 350 mm) BC3 88.5 Rupture of FRP sheets 66.3 Rupture of FRP sheets 11.95 10.6
BC7 93.5 62 11.86 11.4
BG3 85.0 50 Laminate de-bonding 11.80 10.06
BG11 68.5 Laminate de-bonding 60.5 7.90 11.13
BG19 96.0 Rupture of FRP sheets 92.5 Rupture of FRP sheets 12.80 10.61
BG27 81.0 89.13 Laminate de-bonding 11.50 9.7
0
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6 N.Z. Hassan et al.ening the beam in its flexural zone (its middle part) combined
with strengthening the opening zone using glass fiber sheets
can equalize the case of using one layer of carbon sheets
(CFRP) when using scheme no. (1) and using scheme no. (2)
did not gain more significant strength because it can be con-
cluded that the vertical strength layout of CFRP laminates
was just a little more effective than the inclined at 45 and this
agrees with Ibrahim [2].
6. Failure shear strength
The theoretical values of both cracking and failure shear
strength as relative values of the analyzed beams are calculated
from Eq. (1.1). It is clear from Figs. 9 and 10 that the value
qus
quo
 
, which is relative failure shear strength is mainly affected
by strengthening scheme, type and ‘‘S/a” ratio. From Fig. 10
beams with opening 300  100 mm created at distance
300 mm give the maximum shear strength because this distance
agrees with the critical shear distance stated by the ECP203-
2007 which is d
2
from the face of the support.0
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Figure 9 Effect of strengthening scheme on relative failure shear
strength for opening 200  100 mm.
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Vu
bd
¼ Pu
2bd
; quo ¼
Vu
bdnet
¼ Pu
2bdnet
ð1:1Þwhere dnet = dtop chord + dbottom chord and, Pu is failure loads;
Vu is ultimate shearing forces; qus is the ultimate shear strength
of beams with strengthened opening; quo is the ultimate shear
strength of beams with opening and non-strengthened, see
Fig. 11.(S)
300
Figure 10 Effect of strengthening scheme on relative failure
shear strength for opening 300  100 mm.
d top chord
d bottom chord
b
d
Figure 11 Cross section at opening.
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From the tests carried out herein on reinforced concrete beams
having opening by using ANSYS and strengthened by using
either CFRP or GFRP laminates, the following conclusions
can be drawn:
1. Strengthening beams at opening zone using FRP sheets can
significantly improve its overall rigidity and regain part of
its stiffness lost as a result of opening creation.
2. The failure loads are mainly affected by strengthening
scheme and are slightly affected by spacing ‘‘S” when using
one layer of GFRP laminates.
3. Strengthening schemes no. 3 and no. 4 using two layers of
GFRP laminates give approximately, ultimate loads
equal to those obtained using schemes no. 1 and no. 2
strengthening with one layer CFRP and GFRP laminates,
which means that the number of layers does not has
significant effect and the total contribution is done by one
layer.
4. For S= 400 mm (S= 0.2L) gives highest load–deflection
curve and highest load carrying capacity for both opening
dimensions (200  100 and 300  100 mm).
5. Proper choice of strengthening scheme of glass fiber sheets
can put them on the same level with carbon fiber ones
which are more expensive.
6. Relative ultimate shear stresses are large in schemes no. 2
and no. 5.
7. Schemes no. 5 and no. 6 have the highest absorbed energy.Please cite this article in press as: Hassan NZ et al., Finite element analysis of reinf
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